Objective-Volume measurements by three-dimensional (3D) ultrasonography are considered more accurate than those performed by two-dimensional (2D) ultrasonography. The purpose of this study was to compare the agreement of three techniques, as well as the inter-and intra-observer agreements for volume measurements of fetal fluid-filled structures.
INTRODUCTION
The practice of obstetrical ultrasonography frequently involves measurements; these have contributed to a more objective anatomical and functional assessment. Indeed, the biparietal diameter, the abdominal circumference, and the length of the long bones (e.g., femur and humerus) are routinely measured to evaluate fetal size and growth. These parameters require that either one-dimensional (distance) or two-dimensional (2D; circumference and area) measurements be performed. In addition to 2D measurements, volume [a three-dimensional (3D) measurement] traditionally has been calculated by applying the ellipsoid formula (length × depth × width × 0.524) to measurements obtained by 2D ultrasonography (2DUS). [1] [2] [3] [4] Since this approach assumes that the organ being examined fulfills certain geometric characteristics and has regular contours, it is not surprising that these techniques had poor reproducibility 5-8 and inter-observer agreement. 5 Indeed, the mean error can be as high as 25% for the measurement of irregularly shaped organs. 6, 7 Three-dimensional ultrasonography (3DUS) allows examiners to acquire volume datasets and visualize fetal organs and other structures of interest using multiplanar or rendered displays. A unique feature of 3DUS is the possibility to visualize planes that cannot be obtained using 2DUS, making it possible to obtain volumetric measurements without using geometric assumptions. Thus, 3D volumetry has a better validity and reliability than 2DUS volume measurements. 7, [9] [10] [11] [12] Currently, the most frequently used method to obtain volume measurements from 3D volume datasets is VOCAL ™ (Virtual Organ Computer-aided AnaLysis, General Electric Medical Systems, Kretztechnik, Zipf, Austria). VOCAL ™ has been evaluated both in vitro 13 and in vivo ,5,14-17 with high reliability, validity, 13 and good intra-and inter-observer agreement. 5, [13] [14] [15] 17 However, VOCAL ™ has some limitations: 1) a tendency to overestimate true volume; 13 2) difficulties in identifying the borders of some structures while the volume dataset is rotated (e.g., shadows from ribs, maternal bowel loops, etc.); 17 and 3) the length of time needed to perform the measurement can range from 2 to 10 minutes. 5, 13, 17, 18 Inversion mode is a relatively new post processing algorithm that has been primarily used to display and reconstruct fluid-filled structures by 3DUS and four-dimensional ultrasonography (4DUS). 19 This algorithm inverts the gray scale of the voxels that compose the volume dataset; thus, anechoic structures such as the heart chambers, lumen of the great vessels, stomach and bladder become echogenic. 20 This technique has been used for 3D and 4D reconstruction of the embryonic brain, urinary tract, bowel, 19 heart chambers, 21 and great vessels. 20, 22 Recently, volumetric measurements of fetal heart chambers using inversion mode have been reported. 23, 24 We evaluated manual segmentation, an alternative method for measuring 3D volume datasets because of technical difficulties encountered while attempting to perform VOCAL ™ measurements of structures with poorly defined contours during rotation (e.g., the uterine cervix). This method consists of simply 'cutting away' with the electronic scalpel any structure that lies outside the borders of the structure being measured using the multiplanar display ( Figure 1 ). Our hypothesis is that although manual segmentation may overestimate volume measurements when compared to VOCAL ™ and inversion mode, the magnitude of the discrepancies may not be clinically significant. We also hypothesize that this method may have potential advantages over VOCAL ™ , namely, improved speed and reproducibility.
The objectives of this study were: 1) to evaluate the inter-method, and inter-and intra-observer agreements for volumetric measurements of fetal fluid-filled structures performed using VOCAL ™ , inversion mode and manual segmentation; 2) to propose an alternative, simpler method for obtaining volume measurements from 3D datasets; and 3) tocompare the time required to complete the volume measurements by each method.
METHODS
Volume datasets of the fetal stomach (n=29) and bladder (n=21) acquired by 3DUS between 18.4 -41.9 weeks' of gestation were retrieved from our digital library of ultrasonographic images and retrospectively reviewed. 3DUS studies were conducted under protocols approved by the Institutional Review Boards of both Wayne State University and the National Institute of Child Health and Human Development (NICHD/NIH/DHHS). All patients gave written informed consent before participating in the study.
Volume Acquisition
Volume datasets were acquired using 3DUS equipment (Voluson 730 Expert ™ , GE Healthcare, Milwaukee, WI, US) with a motorized curved array transducer (2) (3) (4) (5) . Once a transverse view of the fetal abdomen at the level of the stomach was obtained, volume acquisition was performed using automated sweeps in the absence of fetal movements.
Volume Rendering
All volume datasets were initially explored by one of the investigators using 4D View ™ software (version 2.1 Luminary ™ , GE Healthcare). Briefly, volume datasets were visualized using the multiplanar display. The original plane of acquisition containing the transverse view of the fetal abdomen was displayed in Panel A (upper left panel of the screen). The sagittal orthogonal view was displayed in Panel B (upper right panel) and the coronal orthogonal view was displayed in Panel C (lower left panel). Color filtering, as well as brightness/contrast adjustments, were used to optimize tissue contrast resolution and the volumes were saved on a hard disk prior to volume measurements. Adjustment of the image settings by a single investigator was performed to avoid independent modifications of the optimization parameters by the two observers who performed the measurements, because that could modify the contours of the organs thereby affecting the evaluation of the intertechnique agreement. Both observers began volume manipulation from the initial orientation of the volume at acquisition and were free to rotate the volume every time the measurements were performed.
Volume Measurements
Three different techniques were used to measure organ volumes: VOCAL ™ ; inversion mode; and manual segmentation.
VOCAL ™
This software tool allows the performance of volume measurements by rotating the organ or structure of interest around a fixed axis, while 2D contours are manually or automatically delineated on each plane. Different rotation angles (6°, 9°, 15° and 30°) for each contour plane can be selected, which are indirectly related to the number of rotation steps necessary to perform the measurements. For this study, we used a rotation angle of 30° since it allows the quickest possible measurements with no significant compromise in accuracy when compared to lower rotation angles. 13 Figure 2 illustrates volume measurement of the fetal stomach by VOCAL ™ . Briefly, after the reference image was selected in Panel A, the image was manually traced in order to identify and trace any irregularity in the contour of the fetal stomach and bladder. Once the rotation steps had been concluded, contour borders were adjusted in Panel A to ensure that they matched the boundaries of the organ. Finally, the VOCAL ™ software automatically calculated the volume of the organ, which was expressed in cubic centimeters.
Inversion mode
Inversion mode is a rendering technique by which the gray-scale voxels of volume datasets are inverted. 19, 20 Volumetric measurements are possible since the dimension of each voxel contained within the volume dataset is known. 19 Volume datasets were rendered using a combination of 'surface smooth' and 'gradient light' modes. The 'low threshold' filter was employed to define the tissue-fluid boundaries instead of relying on the examiner's ability to manually trace these irregular areas. Thus, the low threshold filter was set to 0 and then adjusted until the magenta color touched the boundaries of the organ being measured. Then, inversion mode was selected, followed by removal of voxels surrounding the structure of interest with the digital scalpel tool 'MagiCut' (4D View ™ software version 2.1 Luminary ™ , GE Healthcare). The 'threshold volume' function was then selected, displaying the calculated volume ( Figure 3 ).
Manual Segmentation
We hypothesize that reasonable volume estimates can be obtained by cutting the boundaries of an organ displayed with multiplanar slicing (manual segmentation). Briefly, the major axes of the organ of interest are displayed in the transverse, sagittal and orthogonal planes and aligned in relationship to each other. The reference dot is positioned so that the widest diameter of each plane of section is displayed. Volume datasets are then rendered using a combination of surface and light algorithms with the low threshold filter set to 0. Then, the scalpel tool is activated and the 'outside contour' mode selected. The contour of the organ is carefully traced in each panel and the threshold volume function automatically displays the volume, as described for inversion mode (Figure 1 ).
In order to test intraobserver agreement, one of the observers measured the volume datasets twice with the three techniques, whereas a second observer measured the volume datasets only once. The interobserver agreement for each technique was calculated considering the first set of measurements of Observer 1 and the set of measurements obtained by Observer 2. All observers were blinded to the other's measurements. Inversion mode and manual segmentation were compared with VOCAL ™ because the latter is a well-established technique considered to be the standard for measuring volume datasets acquired by 3DUS.
Statistical Analysis
Reliability analysis was performed between techniques, and intraclass correlation coefficients (ICC) were calculated. Owing to the presence of heteroskedasticity, the inter-technique agreement, the intra-and interobserver agreements, and the 95% limits of agreement were all calculated using the percentage difference [i.e. 100 (1 st measurement -2 nd measurement)/ average) vs. the average based on the method proposed by Bland and Altman. 25 In addition, the original data as well as the paired differences for the time measurements were first assessed graphically and numerically to determine whether they met the distributional assumptions of the statistical tests being used for analysis. Based on data distribution, the Student's t-test or the Wilcoxon Signed Rank Test was used to compare the time required for each technique to perform volume measurements. Each pair-wise comparison in Table I was compared to an adjusted P-value of 0.05/2 = 0.025, with 0.05 being the probability of committing a Type I error (i.e. α = 0.05). P-values in Table 2 and all other comparisons in the study were considered statistically significant if <0.05. Statistical analysis was performed with SPSS v. 12.0 (SPSS Inc., Chicago, IL, USA) and MedCalc v.8.1.0.0 (MedCalc Software, Mariakerke, Belgium).
RESULTS
Both operators were able to obtain volume measurements for each organ using the three techniques. Overall, the first and second observer measured 300 and 150 volumes, respectively. Volume measurements of the fetal stomach and bladder ranged from 0.05 to 36.37 cm 3 .
Inversion mode and manual segmentation measurements were slightly larger than VOCAL ™ measurements by a mean (± standard error of the mean) of 2.4 (± 1.3) and 8.3 (± 1.5), respectively. Figure 4 shows the volumetric measurement of a fetal stomach at 20 weeks' of gestation performed by the three techniques.
Inter-method agreement VOCAL ™ vs. inversion mode-A high degree of reliability for volume measurements was observed between VOCAL ™ and inversion mode (ICC, 0.995, 95% CI, 0.992-0.997). Figure  5 displays the Bland -Altman plot for the percentage of the mean difference and 95% limits of agreement between VOCAL™ and inversion mode (mean: −2.4%; 95% limits of agreement, −20.1 to 15.3%).
VOCAL ™ vs. manual segmentation-Volume measurements performed by VOCAL ™
and manual segmentation demonstrated a high degree of reliability (ICC, 0.997, 95% CI, 0.995-0.998). Figure 6 displays the Bland -Altman plot for the percentage of the mean difference and 95% limits of agreement between VOCAL TM and manual segmentation. In accordance with our hypothesis, volume measurements performed with VOCAL ™ were slightly smaller than those performed with manual segmentation (mean: −8.3%, 95% limits of agreement: 12.2% to −28.8%). Figure 7 displays the Bland -Altman plot for the percentage of the mean difference and 95% limits of agreement between inversion mode and manual segmentation (mean, 5.9%; 95% limits of agreement: −14.3% to 26%). A high degree of reliability for volume measurements was observed between inversion mode and manual segmentation (ICC, 0.995, 95% CI, 0.992-0.997).
Inversion mode vs. manual segmentation-

Intraobserver agreement-Figures 8 displays the
Bland -Altman plots for the percentage of the mean difference and 95% limits of agreement for the intraobserver measurements performed by VOCAL ™ (mean, −3.3%; 95% limits of agreement, −18.8% to 22.2% Figure  8a ), inversion mode (mean: 0.0%; 95% limits of agreement, −18% to 18.1% Figure 8b ), and manual segmentation (mean, −1.6%; 95% limits of agreement, −18.2% to 15.1% Figure 8c ), respectively. A high degree of reliability was observed for the intraobserver volume measurements obtained by each technique, as follows: 1) VOCAL ™ ICC: 0.996, 95%, CI, 0.993-0.997; 2) inversion mode ICC, 0.995, 95% CI, 0.992-0.997; and 3) manual segmentation ICC: 0.996, 95% CI, 0.993-0.997.
Interobserver agreement-Figures displays the Bland -Altman plot for the percentage of the mean difference and 95% limits of agreement for the interobserver measurements performed by VOCAL ™ (mean, 1.3%; 95% limits of agreement,: −52.1% to 54.7%), inversion mode (mean: 12.3%, 95% limits of agreement: −26.7% to 51.4% Figure 9b ), and manual segmentation (mean, 3.4%, 95% limits of agreement, −50.8% to 57.6% Figure 9c ), respectively. Table 1 shows the time required to perform the volumetric measurements by each method. Inversion mode and manual segmentation were significantly faster than VOCAL ™ (P<0.01). Table 2 displays the comparison of the time required by Observer 1 to perform volumetric measurements between the first and second group of volume datasets by each technique. The second group of measurements was performed significantly faster than the first one, regardless of the technique, suggesting a learning curve.
Time required for performing volume measurements-
DISCUSSION
Principal findings of the study 1) Similar volume measurements of fetal fluid-filled structures using VOCAL ™ , inversion mode, and manual segmentation are feasible; 2) Volume calculations were performed by the three techniques with a high degree of reliability, as demonstrated by excellent intraclass correlation coefficients, as well as good intermethod, intra-and interobserver agreements; 3) Inversion mode and manual segmentation had slightly larger measurements than VOCAL ™ , with a mean error of 2% and 8%, respectively; and 4) Inversion mode and manual segmentation were significantly faster than VOCAL ™ , even when the measurements were performed using a 30° rotation angle.
Techniques used to measure volume datasets by 3DUS
Manual planimetry-The introduction of 3DUS has made volume measurements more feasible because it allows the visualization of the coronal plane, correcting for contour irregularities. One of the most common 3DUS techniques for volume measurements was manual planimetry, which consists of slicing a 3D volume dataset into a series of equally spaced parallel 2D images, then manually tracing each image. Once these steps are completed, the cross-sectional area of the slices are summed and multiplied by the interslice distance to calculate volume. 26 There is evidence that volumetric calculations obtained by 3DUS using the manual planimetry technique are more accurate than volume estimates derived from 2DUS measurements by the ellipsoid formula. Riccabona et al. 12 measured 21 balloons of various shapes and volumes (range, 20 to 490 mL) by 2DUS and 3DUS. Conventional 2DUS volume estimates had a mean absolute error of 12.6 ± 8.7% (range, −27.5% to 39.2%), compared to a mean absolute error of 6.4% ± 4.4% (range, −6% to 15.5%) for volume measurements by 3DUS. The difference was even more pronounced for irregularly shaped objects (2DUS: 17.3% ± 12.1% vs. 3DUS: 7.1% ± 4.6%). However, this technique requires the manual tracing of 5 to 35 slices, 10,27 a process that -as it takes from 3 to 30 minutes -may be considered tedious and time consuming. 13,27-29 VOCAL ™ -The development of VOCAL ™ has been considered an important progress in volume measurements. VOCAL ™ has been: 1) tested in vitro by Raine-Fenning et al.; 13 2) shown to be more reliable and significantly more valid in calculating volumes than manual planimetry; 13 and 3) used in vivo to measure the volume of solid organs and structures like the ovaries, 5,15 uterus, 17 endometrium, 14 and fetal lungs. 16, 18, 30 It is important to consider that although VOCAL ™ tends to overestimate true volumes, the magnitude of the discrepancy (only 1.4% using a 6° rotation angle and approximately 3% using a 30° rotation angle) 13 has been reported to be not clinically significant. However, in some instances, it may be difficult to determine the boundaries of some structures while the volume dataset is rotating, which could lead to incorrect estimations of the margins of these structures and inaccurate volume calculations. Indeed, Yaman et al. 17 performed transvaginal ultrasonography examinations in 48 consecutive patients before hysterectomy to evaluate the accuracy of uterine volume measurements by VOCAL ™ when compared to 2DUS measurements. Eight patients had to be excluded due to large fibroids and five because of difficulty of identifying uterine borders. Another important limitation of VOCAL ™ technique is the time required to trace the contours of the organ. Most of the studies that have used VOCAL ™ arbitrarily selected the 30° rotation angle, because this requires only six steps to trace organ boundaries, compared to 30 steps if a rotation angle of 6° is selected. An in vitro study that performed volume calculations in three water-filled phantoms using four different rotation angles (6°, 9°, 15° and 30°) described a range of two to more than seven minutes to perform volume calculations with a rotation angle of 30° to 6°, respectively. These results demonstrated that using a 30° rotation angle was the fastest choice. 13 Moreover, it has been reported that volume measurements of solid organs may take from five to ten minutes using a 30° rotation angle. [16] [17] [18] We did not encounter these limitations, probably because the boundaries of the fetal stomach and bladder were easily distinguished from the surrounding tissues. Moreover, this may have accounted for the shorter times required to perform volume measurements with VOCAL ™ when compared to previous studies.
Inversion mode-Inversion mode is a new postprocessing algorithm that has been used to evaluate fluid-filled structures, with potential applications for 3D reconstruction of fetal anechoic structures such as the urinary tract, 19 heart chambers, 21 and great vessels. 20, 22 Recently, volume measurement of fetal heart chambers using VOCAL ™ and inversion mode in volume datasets acquired with spatio temporal image correlation (STIC) has been proposed by both Larsen et al. 23 and Messing et al., 24 However, Nelson 31 suggested more than ten years ago the feasibility of volumetric measurements of the cardiac chambers. A limitation of this technique is that it can not be used to measure solid organs. In the current study, volume calculations with inversion mode were faster than those performed with VOCAL ™ . Although border detection with inversion mode has the potential to be more subjective than tracing wellcontrasted borders using VOCAL ™ , the good interobserver agreement as well as excellent intraobserver and intermethod agreements between volume measurements performed by inversion mode and VOCAL ™ suggest that inversion mode can be reliably used for volume calculations of fluid-filled structures.
In this study, volume measurements performed by inversion mode were standardized beginning with the low threshold filter set to 0, and then it was adjusted until the magenta color touched the internal boundaries of the organ being measured. We have observed that adjusting the threshold level until the speckle within the volume disappears may lead to an overestimation of the volume. Thus, investigators may be tempted to change the threshold level to eliminate the speckle within the volume; however, there is no evidence that speckle may disappear at the same threshold in different volume datasets.
Manual segmentation-In this study, we propose a simple method for 3D volume dataset measurements to overcome some of the limitations of both VOCAL ™ and inversion mode, especially for the volume calculation of solid structures. manual segmentation showed good intra-and interobserver agreement and was faster than both VOCAL ™ and inversion mode, demonstrating that reasonable volume measurements could be obtained by tracing the boundaries and cutting away with an electronic scapel any structure that lies outside the borders of an organ displayed in each of the three orthogonal planes, while avoiding technical difficulties in measuring structures with poorly defined contours during rotation as occur with VOCAL ™ . An inherent limitation of this technique is that the use of only three planes of section to determine the limits of an organ results in less detailed contouring, leading to marginally larger volume measurements. Although our study demonstrated that this overestimation was minimal, the results may be explained by the relatively regular shape of the fetal stomach and bladder. We urge caution in extrapolating these results for volume measurement of irregular structures, such as cerebral ventricles. Thus, it is possible that manual segmentation may not be an optimal method for volume measurements of irregularly shaped objects. However, it may be applicable to regularly shaped structures such as the uterine cervix, because inversion mode cannot be applied and VOCAL ™ has limitations recognizing the cervical contour during rotation. In this context, the use of manual segmentation may have a practical value. Owing to its limitations, we propose that this technique should be used when volume measurements by either VOCAL ™ or inversion mode are not technically possible.
Limitations
This study has some limitations. First, the validity of the measurements performed for each method cannot be evaluated, because is not possible to calculate the true volume of the fetal fluid-filled organs in vivo. However, VOCAL ™ has been extensively validated and is considered the gold standard 3DUS method for performing volumetric measurements, against which inversion mode and manual segmentation were tested. Second, volume datasets were manipulated prior to volume measurements to optimize tissue contrast resolution, and these modifications could affect the intra-and interobserver agreements for ultrasonographic measurements. However, this was done to avoid independent corrections by the investigators that could alter the identification of the organ boundaries, which is important to consider when evaluating the inter-technique agreement, because the object of interest should be the same for each technique. Third, the applicability of the limits of agreement for the different techniques is restricted to the range of volumes from 0.05 to 36 cm 3 . Most of the dispersion observed remained between the limits of agreement, being close to the mean for volumes smaller than 10 cm 3 and higher in volumes ranging from 10 to 36 cm 3 . Therefore, we caution against extrapolating the results of this study to larger volumes. Fourth, we evaluated only the 30°r otation angle in VOCAL ™ , as it allows for the fastest measurements with no significant compromise in accuracy when compared with lower rotation angles. 13
CONCLUSION
The results of this study demonstrated that VOCAL ™ , inversion mode and manual segmentation can be used to perform volume measurements in fetal fluid-filled structures of relatively regular shape. Owing to the limitations of VOCAL ™ related to time and identification of borders, inversion mode offers a more efficient method for volume calculations of fluidfilled organs (e.g., fetal stomach, bladder, gallbladder, heart chambers). Alternatively, manual segmentation can be particularly useful for volume measurements of regularly shaped solid structures with poorly defined borders, such as the uterine cervix. Ultrasound images of the fetal stomach at 20 weeks' gestation showing volume measurement by 'manual segmentation'. (a) The major axes of the organ of interest were aligned in relationship to each other, and the reference dot was positioned so that the widest diameter of each plane of section was displayed. A rendering box containing the fetal stomach was selected as a region of interest. Render mode was activated and a combination of 'surface' and 'light' algorithms was applied. Panel D displays a volume-rendered box. The 'low threshold' filter was set to 0. Then, the scalpel tool ('MagiCut') was activated, the 'outside contour' mode was selected, and the organ contour was carefully traced in the sagittal plane. (b, c) The contours of the organ were similarly traced in the transverse and coronal views. (d) Panel D displays the three-dimensional image resulting from manual segmentation. Fetal stomach volume at 20 weeks' gestation rendered and measured by the three techniques. Inversion mode and manual segmentation measurements were slightly larger than those performed by Virtual Organ Computer-aided AnaLysis (VOCAL). Bland and Altman plot for the percentage of the mean difference and 95% limits of agreement between VOCAL™ and inversion mode. Bland and Altman plot for the percentage of the mean difference and 95% limits of agreement between VOCAL™ and manual segmentation. Bland and Altman plot for the percentage of the mean difference and 95% limits of agreement between inversion mode and manual segmentation. Figure 8b . Bland and Altman plot for the percentage of the mean difference and 95% limits of agreement for intra-observer measurements performed by inversion mode. Figure 8c . Bland and Altman plot for the percentage of the mean difference and 95% limits of agreement for intra-observer measurements performed by manual segmentation. 
